Abstract. Mature 'Sturdeespur Delicious' apple (Malus domestica Borkh.) trees on MM.106 rootstocks were hand-deblossomed or hand-pollinated in 1989 and 1990. Two representative limbs were chosen at bloom on each tree in 1989, one of which was girdled (G) while the other served as a control. One representative limb was selected at bloom in 1990. Three leaf types were studied: shoot (SH) leaves, leaves on nonfruiting (NF) spurs (S -F), and leaves on fruiting (F) spurs (S + F). The presence of fruit did not affect C exchange rate (CER). Girdling fruiting limbs reduced CER by ≈10%.
Yield at a given net C exchange rate (CER) depends on the photoassimilates available for export (source regulation) and on the capacity of consuming organs to import carbohydrates (sink regulation) (Daie, 1985) . Flore and Lakso (1989) and Forshey and Elfving (1989) support the hypothesis that fruit increase CER in apple trees. This phenomenon has been reported for detached limbs, spurs, or shoots (Fujii and Kennedy, 1985; Hansen, 1970) , for intact leaves (Ghosh, 1973) and for whole, potted trees (Avery et al. 1979; Monselise and Lenz, 1980) . The reported increases in CER due to fruiting ranged from 0% to 400%, but evidence for this response has not been consistent (Gifford and Evans, 1981) . Proctor et al. (1976) did not detect a decrease in CER after fruit removal, and no differences were observed in CER between fruiting (F) and nonfruiting (NF) spurs on F trees (Ferree and Palmer, 1982; Rom and Ferree, 1986) , and between F and NF tree quadrants or branches on the same trees (Palmer et al., 1991) . According to Flore and Lakso (1989) , studies of mature, field-grown trees are needed to clarify F effects on CER in intact trees.
Total above-ground dry-matter production in F trees was higher than in NF trees, despite the suppression of vegetative growth induced by F (Chandler and Heinicke, 1926) . F suppresses the growth of other plant parts, but increases dry-matter production per unit leaf area (Avery, 1969 (Avery, , 1975 Maggs, 1963; Priestley, 1970a; Verheij, 1972) .
F reduced total tree leaf area and dry weight (DW) (Avery, 1969; Proctor et al., 1976; Verheij, 1972) , shoot growth (Avery, 1969; Barlow, 1964 Barlow, , 1966 Maggs, 1963) , trunk growth (Barlow, 1964; Erf and Proctor, 1987) , and stored carbohydrate levels in woody tissues (Priestley, 1970a (Priestley, , 1970b , whereas deblossoming and defruiting increased vegetative growth (Erf and Proctor, 1987; Forshey and Marmo, 1985) . Root growth has been reduced (Avery, 1969; Hansen, 1971; Head, 1969) or even stopped (Avery, 1970) by F. The largest proportional reductions in growth due to F take place in the root system (Maggs, 1963) .
Secondary thickening of woody tissues occurs primarily after shoot growth ceases (Forshey et al., 1983) . Barlow (1975) showed that the major effect of crop load on secondary thickening occurred in the season of cropping, with Maggs (1963) reporting a 50% reduction in seasonal dry-matter accumulation in the trunks of F trees.
Cropping has only a minor influence on the apportionment of the vegetative increment within the tree (Forshey and Elfving, 1989) . The fruit, positioned near the sources of assimilate supply, seem to act as independent sinks, withdrawing part of the available assimilates, while the remaining assimilates are then distributed among the vegetative parts of the tree in essentially the same proportions as in noncropping trees (Forshey and Elfving, 1989) . Understanding seasonal C assimilation and partitioning will help develop strategies for manipulating DW allocation, thereby influencing yield.
The objective of this investigation was to determine if the presence of fruit on limbs of mature, field-grown apple trees influences CER and dry-matter accumulation.
Materials and Methods
Mature 'Sturdeespur Delicious'/MM.l06 trees planted in 1977 at the Horticultural Experiment Station, Simcoe, Ontario, were spaced at 3 × 5 m (667 trees/ha) in north-south-oriented rows. The average trunk cross-sectional area in spring 1989 was 85 cm 2 , and canopy width and height averaged 3 and 3.2 m, respectively. The orchard soil was a moderately well-drained Walsher sandy loam composed of 40 to 100 cm of sandy-loamy material over glaciolacustrine clay. The central-leader-trained trees had a consistent annual cropping cycle (average for 1985-88, 80 kg/tree). Dormant pruning, fertilizers, pesticides and herbicides were applied as required according to standard commercial practices. Sprinkler irrigation was used whenever tensiometer readings 30 and 45 cm deep in the orchard reached at least -40 kPa.
In Spring 1989, a trial was established with five completely randomized blocks, each containing two adjacent trees similar in size, cropping history, and bloom density. One tree from each block was hand-deblossomed and the other hand-pollinated daily from the time 20% of blossoms had opened until 50% of the petals had fallen. Hand-pollinated trees set a heavy crop, while the deblossomed trees had no fruit. Two limbs of ≈15 cm in circumference at a height of 1.0 to 2.0 m were chosen at bloom on each tree as described by Forshey and Elfving (1979) . One limb of each pair was a control, while the other was girdled (G) (28 June) after June drop (≈22 June). Full bloom occurred on 25 May. A 1.5-cm-wide strip of phloem, cambial tissue, and connected bark was removed, and the exposed ring was covered with lanolin. The girdle was monitored periodically for cambial growth and was scraped when necessary to prevent phloem reconnection. Terminal bud formation took place in July each year; F trees formed terminal buds ≈2 weeks ahead of NF trees. Leaves were segregated into three categories for study: shoot (SH) leaves, leaves on NF spurs (S -F), and leaves on F spurs (S + F). The climatic conditions and the spur-type strain used resulted in very few bourse shoots (zero to three per tree); leaves were not sampled from spurs with bourse shoots.
Heavy cropping on the F trees in 1989 reduced their return bloom in 1990. However, supplemental hand-pollination of the 1990 bloom on two of the trees that cropped in 1989 resulted in their setting a moderate crop. These two F trees were compared during the 1990 season with the other tree in the respective block, which was hand-deblossomed for the second consecutive year. A new, nongirdled (NG) limb was selected from each tree at bloom for study in 1990 (Forshey and Elfving, 1979) .
Gas exchange. CER, stomatal conductance (SC), and internal CO 2 concentration (C i ) were measured using a portable photosynthesis system (model LI-6200; LI-COR, Lincoln, Neb.) equipped with a 250-ml leaf chamber (total system gas volume = 390 ml). A healthy, fully expanded, well-exposed leaf, 1.0 to 2.0 m high, was inserted into the leaf chamber, and three consecutive measurements of 10 µmol·mol -1 CO 2 drawdown were taken on the same leaf. The mean of the three drawdown measurements was used as a plot value in the statistical analyses. SH leaves used for CER measurements were located about midway on terminal and lateral shoots. S -F leaves were measured on NF spurs that did not bloom, did not set fruit, or from which fruit abscised before June drop. S + F leaves were measured on spurs carrying one to three fruit. The largest leaf on each spur was used for CER measurements. Only one leaf was measured per shoot or spur.
In 1989, CER was measured on 11 clear, sunny days between 1000 to 1200 HR; the 1989 measurements were first taken on 27 June (33 days after full bloom) and the last measurements on 24 Oct., ≈3 weeks after harvest (5 Oct.). Over the season, 440 individual measurements of CER were made, ranging from a low of 15 measurements on 10 Aug. to a high of 76 on 27 June. Environmental conditions during CER measurements during the 1989 sampling period were as follows: photosynthetic photon flux, 1000 to 2000 µmol·m -2 ·s -1
; leaf temperature, 28 ± 5C; relative humidity, 55 ± 10%; ambient CO 2 concentration, 330 ± 10 µmol·mol -1 ; and CO 2 drawdown, 30 µmol·mol -1 over 15 to 20 sec during each measurement. In 1990, CER measurements started on 14 June (31 days after full bloom) and continued through terminal bud formation, harvest (7 Oct.), and until ≈30% leaf drop on 30 Oct. Over the season, 896 individual CER measurements were made, ranging from a low of 25 on 8 Aug. to a high of 60 each on 18 and 25 July. Environmental conditions during the 1990 season were as follows: photosynthetic photon flux density, 1000 to 2000 µmol·m -2 ·s -1
; leaf temperature, 26 ± 5C (in October, 21 ± 2C); relative humidity, 50% ± 10%; and ambient CO 2 concentration, 320 ± 10 µmol·mol -1 . To minimize environmental effects during any one measurement date, complete blocks were measured in turn.
Leaves and fruit. On 5 Oct. 1989 and on 7 Oct. 1990, all fruit and every 10th leaf within each leaf category were harvested from tagged limbs. Leaves and fruit were counted and weighed, total leaf area was measured using an area meter (model LI-3000; LI-COR), and leaves and fruit were oven-dried at 80C to a constant weight. Fruit count, fresh weight (FW), and DW and leaf count, area, FW, and DW were normalized based on per square centimeter limb cross-sectional area (LCSA) before statistical analyses.
Wood. In December of each year, after all leaves had fallen, the sample limbs were removed by cutting them at the junction with the trunk. Each sample limb was divided into five sections by cutting them at the rings of bud-scale scars separating each age category as follows: a) current season's shoots; b) 2 years old; c) 3 years old; d) 4-years old; and e) ≥5 years old. Spurs were collected separately. For each test limb, five 1-cm-wide cross-sectional disks were randomly taken from the limb sections in each age group, except current-season's shoots. One side of each cross-sectional disk was cut to a plane surface with a sliding microtome (model 860; American Optical, Buffalo, N.Y.) before being photographed. Slides were projected onto a 45° mirror, which reflected the image to a digitizing tablet (GTCO Corp., Rockville, Md.) for estimating cross-sectional areas of the annual rings in the disk. The ratio of the area of older wood (≥2 years old) to the total area inside the cambial layer of the disk allowed an estimate of the proportion of the total cross-sectional area representing the wood increment added in the most recent growing season. Differentiating limb sections >5 years old by bud scales proved difficult. In addition, differences in the annual increment in cross-sectional disks from throughout the ≥5-year-old limb section were insignificant. All limb sections were dried at 80C to a constant weight. Erf (1987) showed that the wood in all annual rings in a limb cross-section exhibited a single density, independent of cropping and environmental conditions. Calculating the proportion of limb cross-sectional area in any annual ring and the total wood dry weight of that limb section allowed estimation of the amount of dry matter deposited in each limb section that season. In 1990, the two most recent rings (1989 and 1990) were grouped together to create one incremental percentage value.
Roots. On 27 Nov. 1990, soil cores (area = 95 cm 2 ) 60 cm deep (volume = 5700 cm 3 ) were taken at locations 0.6 m from north, east, west, and south of the trunk (Atkinson, 1977; Atkinson and Wilson, 1980) . Soil was washed off over a 0.5-mm screen. Root diameters were measured with an electronic digital caliper (Max-Cal, Micrometer Manufacturing, Japan) and roots were divided into two categories: <1 mm and 1 to 5 mm. Root sections >5 mm in diameter were found in only a few cores and were not included in the analysis because of their infrequency. The total length of all roots in each size category contained in each soil core was measured, and DW was determined after roots had been ovendried to a constant weight at 80C. Additionally, three to five main roots were removed from the trunk at a soil depth of 20 to 30 cm to visually assess the two most recent years' annual wood increments in structural roots, using the techniques described above.
Statistics. Data for all experiments were analyzed using the Statistical Analysis System (SAS) program package (SAS Institute, Cary, N.C.) as a split-split-plot treatment arrangement based on different leaf types nested within limbs located within trees. The full model statement included the main plot (F vs. NF trees), subplot (G limb vs. NG limb, in 1989 only) , and sub-subplot (SH leaves vs. S -F leaves vs. S + F leaves), along with their interactions. Gas-exchange data were analyzed for each sampling date separately. Numbers of observations differed among and within dates due to environmental limitations. G limbs with no crop behaved differently from all other treatments (Schechter et al., 1994) . Adjusted means were calculated for the different treatment combinations (NF-NG, NF-G, F-NG, and F-G), along with their associated standard errors.
Results

Gas exchange
NF vs. F trees, NG limbs. No consistent F effect on CER was observed at any time during the two seasons for either SH or S -F leaves (Fig. 1) . On F trees, S + F leaf CER was the lowest from mid-July on, in spite of the very high crop load on F trees. Generally, SH leaf CER was higher than for S -F leaves, and S + F leaf CER (on F trees) was the lowest. Initial CER values in 1989 were relatively high (Avery, 1977) and decreased as the season progressed. In 1990, CER values were not as high as in 1989 and the decrease in CER was slower over the season. An unexplained temporary depression in CER was observed in August each year.
F trees, NG vs. G limbs. Small (8% to 10%) but consistent decreases in CER were found in SH and S + F leaves on G limbs compared to those on NG limbs. These differences were not always statistically significant, but, when pooled across the entire season, were significant (data not presented). S -F leaves on G and NG limbs did not differ in CER on most dates during the season.
The CER values for different leaf types behaved similarly on both NG and G limbs (SH > S -F > S + F).
NF trees, NG vs. G limbs. CER was reduced by ≈70% 11 days after limbs were girdled (Fig. 2) . By the beginning of August, CER was ≈1 to 2 µmol CO 2 /m 2 per sec. At the last measurement on 24 Oct., CER was around the CO 2 compensation point in SH and S -F leaves. SC values for leaves on G limbs were very low (0.1 to 0.2 µmol·m -2 ·s -1 ), while C i levels were high (Fig. 2B) . Starch grains had accumulated in leaves on G limbs (Schechter et al., 1994) .
Leaves and fruit
1989. Shoot leaf count and LCSA were about twice as large in NF trees as F trees (Table 1) . Shoot leaf DW was higher in NF trees, and in NF-G limbs it was about three times that of F-NG limbs. The NF-G SH leaves also had the highest specific leaf area (DW/ LCSA), while the remaining leaves did not differ. Mean SH leaf area and DW were similar for all treatments except NF-G leaves, which had a higher mean SH leaf DW and area. Mean S -F leaf DW was the highest for leaves on NF-G limbs, lowest for leaves on F-NG limbs, and intermediate for leaves on NF-NG and F-G limbs. Leaves on F spurs were similar for G and NG trees. The total leaf count per LCSA was similar for all treatments, while leaf area and DW were higher in NF trees (Table 1) . On NF trees, leaf area was divided more or less equally between SH and S -F leaves, while F trees had about one-third of each leaf type. Fruit count per LCSA was similar for NG and G limbs, but total fruit weight (FW and DW) per LCSA was higher on G limbs and fruit were larger in diameter. Dry-matter concentration was higher in fruit from G than NG limbs. 1990. There were more SH leaves per LCSA and they were larger on NF trees than on F trees (Table 2) . SH leaf DW per LCSA did not differ between F and NF trees, but the specific leaf area was higher for NF SH leaves. No differences were found between S -F leaf characteristics on F and NF trees. Leaves on F spurs were smaller and contained less DW than S -F leaves. Total leaf area for S -F leaves was ≈1.5 times that for SH leaves on NF trees. F trees had about twice as much of their foliage area in S -F than in SH or S + F leaves.
Wood. The procedure used to estimate wood DW accumulation was reliable, consistent, repeatable, and had a low coefficient of variation. The NF-NG limbs had the largest proportion of LCSA and DW accumulation in newly formed wood in all limb age categories (Fig. 3, Tables 3 and 4) . Two-year-old limb sections had 85% of LCSA as new increment, 3-year-old sections had 61%, 4-year-old sections had 49%, and limb sections >4 years old had 37%. The lowest percentages of LCSA in new wood deposition were always found in F-NG limbs (58%, 39%, 28%, 23%, for 2-, 3-, 4-year, and older limb age sections, respectively). G limbs on NF and F trees had intermediate values. F reduced DW accumulation in current-season's shoot growth to a greater extent than in other z Mean separation between pairs by analysis of variance. y FW = fresh weight; DMC = dry-matter concentration. ** Significant at P ≤ 0.01.
limb sections. The ≥5-year-old limb sections accumulated the largest dry-weight increment, much greater than in 1-to 4-year-old limb sections combined (Tables 3 and 4) . Spurs in NF trees accumulated about twice as much DW as spurs on F trees ( Table Table 3 . The effect of fruiting and girdling on apple wood dry weight (DW) accumulation in limb sections of various ages and on spurs per square centimeter limb cross-sectional area (LCSA) in l989.
Wood DW accumulation (g·cm -2 LCSA)
4.6 (14) z 3.1 (11) 1.0 (6) 1.7 (9) 2 1.8 (5) 1.3 (5) 0.7 (4) 0.7 (4) 3 1.3 (4) 1.3 (5) 0.9 (6) 1.1 (6) 4 2.5 (7) 2.0 (7) 0.9 (6) 1.3 (7) 5 to 8 22.9 (67) 18.7 (68) 11.8 (75) 13.7 (71) Spurs 1.0 ( 3) 1.1 (4) 0.5 (3) 0.6 (3) Total 34.l (l00) 27.5 (100) 15.8 (100) 19.1 (100) z Mean separations by t test (P ≤ 0.05). Means always differed between fruiting and nonfruiting. Means were always similar for girdled and nongirdled limbs, excluding 1-year-old wood, which differed for all treatments. Percentages within columns represent the proportional contribution of wood increment in each age category to the total accumulated wood LCSA for that treatment. soil-core volume of roots <1 mm as F trees (Table 5) , but DW was similar in F and NF trees for roots 1 to 5 mm thick. The large differences in total root length per cubic centimeter soil-core volume were due primarily to the relative amounts of 1-mmdiameter roots, while the 1-to ≥5-mm-diameter roots contributed more to total root DW per cubic centimeter. The 2-year cumulative effect of cropping was clearly visible in the annual rings in 8-to 10-year-old root segments. Two wide rings were observed for NF trees, while rings from F trees were narrow.
Discussion
Source-sink relationships are probably more complex in large 3). With the exception of the vigorous new shoot growth on NF trees, the proportional distribution of dry matter in F and NF limb sections was similar. Total DW incorporated into wood during the 1989 and 1990 seasons together was about twice as much in NF as in F trees (Table 4) .
Total DW accumulation
The difference in the total dry matter per LCSA accumulated in G vs. NG F limbs was assumed to represent the dry matter exported from NG limbs (Fig. 4) . For F trees, ≈30 g DW/LCSA (≈34% of the total dry matter produced by NG limbs) was exported to other parts of the tree, while 66% of the total accumulated dry matter was used by sinks within the limb itself in the following proportions: fruit (72%), structural wood (19%), and foliage (9%). In NF trees, the total DW accumulated in G and NG limbs was similar. More DW was accumulated in leaves on G limbs, likely due in part to the formation of starch in the leaf tissues, while the low CER of those leaves contributed to the reduction in DW incorporated into the woody tissues.
Roots
In this study, NF trees had twice the DW per cubic centimeter woody perennials than in small annuals, which have been the main model for studying such relationships (Gifford and Evans, 1981; Herold, 1980) . Activity of some sinks may be limited in trees grown in pots or in young trees carrying a small crop. Sources, rather than sinks, may be the principal limiting factor in C assimilation in vigorous, healthy, mature, field-grown trees with extensive root systems and many potential growing points. For example, Lenz (1986) reported that potted apple trees produced a total of 4 kg of accumulated dry matter (2.9 kg of that total in fruit) in one growing season. In our study, heavily cropping trees in the orchard carried 1500 fruit per tree on average in the 1989 season, representing up to 23 kg of DW in fruit alone [six times more than in Lenz's (1986) potted trees], in addition to increments of wood in vegetative sinks. Despite the strong sink effect of fruit and the absence of external constraints on sink activity in these trees, there was no effect on CER associated with the presence of fruit. Lack of a detectable F effect on CER and the absence of starch accumulation in leaves on NF trees indicated that the translocation system of NF trees was capable of removing assimilates from photosynthetic sites to the same degree as in F trees in response to vegetative sinks alone. Other field studies have reported the absence of a fruit effect on CER in limbs or spurs (Ferree and Palmer, 1982; Palmer, 1986; Palmer et al., 1991; Roper et al., 1986; Williams, 1986) . Seasonal trends in CER were not influenced by cropping. CER in apple leaves is a function of anatomical and physiological characteristics and leaf age (Schechter et al., 1992) . There were 30-to 60-day differences in leaf age between SH and spur leaf development from the start of SH growth to terminal bud formation. Leaf age, along with environmental effects on leaf morphology, may have accounted for the significant CER differences between SH and spur leaves in all treatments. The presence of fruit did not accelerate CER in S + F leaves; on the contrary, S -F leaves usually had a higher CER, associated with their more favorable anatomical and physiological attributes (Schechter et al., 1992) . These findings also agree with those of Schechter et al. (1991) .
CER values during the season were inversely proportional to SC (data not presented), resulting in little change in C i , as has been reported for citrus (Kriedemann, 1971) , stone fruit (DeJong, 1986) , and apple (Lakso, 1986) . Leaf SC and C i exhibited no seasonal changes that could be correlated with the presence of fruit, in contrast to observations in other fruit species (DeJong, 1986; Forney and Breen, 1985; Schaffer et al., 1986 Schaffer et al., , 1987 .
CER measurements represented a nearly instantaneous event, and therefore may not have adequately reflected daily or seasonal CER. The presence of fruit may have a soft or passive influence on CER and can provide a reservoir of water whereby SC can be maintained in the afternoon. Alternatively, the difference in DW accumulation per unit leaf area may be unrelated to CER, rather to respiration. If leaves have a higher dark respiration rate than fruit or wood, then NF trees, which have large leaf areas, may have greater respiratory C loss during the diurnal period, especially during the dark phase.
F-G limbs exhibited an 8% to 10% reduction in CER, possibly a consequence of some form of feedback inhibition. However, when NF limbs were G, further reducing sink activity by eliminating assimilate export, CER decreased significantly within 2 weeks, while red venation, leaf blade discoloration, and visible starch grain formation appeared ≈3 weeks after girdling. Starch accumulation may alter chloroplast structure and function (Schaffer et al. 1986 ), resulting in significantly reduced CER and increased C i due to reduced mesophyll assimilation capability (Sharkey, 1985) . The evidence presented here suggests that any internal control system over CER in apple trees has only a very limited capacity to regulate CER.
